Abstract The carbon isotope composition (δ 13 C) of seawater provides valuable insight on ocean circulation, air-sea exchange, the biological pump, and the global carbon cycle and is reflected by the δ 13 C of foraminifera tests. Here more than 1700 δ
C observations of the benthic foraminifera genus Cibicides from late Holocene sediments (δ 13 C Cibnat ) are compiled and compared with newly updated estimates of the natural (preindustrial) water column δ 13 C of dissolved inorganic carbon (δ 13 C DICnat ) as part of the international Ocean Circulation and Carbon Cycling (OC3) project. Using selection criteria based on the spatial distance between samples, we find high correlation between δ 13 C Cibnat and δ 13 C DICnat , confirming earlier work. Regression analyses indicate significant carbonate ion (À2.6 ± 0.4) × 10 À3 ‰/(μmol kg À1 )
[CO 3 2À ] and pressure (À4.9 ± 1.7) × 10 À3 ‰ m À1 (depth) effects, which we use to propose a new global calibration for predicting δ 13 C DICnat from δ 13 C Cibnat . This calibration is shown to remove some systematic regional biases and decrease errors compared with the one-to-one relationship (δ 13 C DICnat = δ 13 C Cibnat ).
However, these effects and the error reductions are relatively small, which suggests that most conclusions from previous studies using a one-to-one relationship remain robust. The remaining standard error of the regression is generally σ ≅ 0.25‰, with larger values found in the southeast Atlantic and Antarctic (σ ≅ 0.4‰) and for species other than Cibicides wuellerstorfi. Discussion of species effects and possible sources of the remaining errors may aid future attempts to improve the use of the benthic δ 13 C record.
2008]. All of those interpretations assume that δ 13 C Cib reflects the δ 13 C of dissolved inorganic carbon (δ 13 C DIC )
of bottom waters in a roughly one-to-one relationship as indicated by the pioneering, global-scale calibration of Duplessy et al. [1984, D84 thereafter] . This one-to-one relationship may be fortuitous since many other benthic foraminifer species show significant offsets with respect to bottom water δ 13 C DIC [Corliss, 1985; Fontanier et al., 2006; Ishimura et al., 2012; McCorkle et al., 1990; Rathburn et al., 1996] . The epibenthic (i.e., on or within the top~1 cm of the sediment) habitat of Cibicides is advantageous compared to infaunal (abundance peak below the sediment surface) species because pore water conditions within the sediment differ from those of the bottom water due to organic matter respiration and mineral reactions [Jorissen et al., 1995; McCorkle et al., 1985; Tachikawa and Elderfield, 2002] .
Despite the generally epibenthic habitat of Cibicides, different species within the genus are not all equivalent. Unfortunately, in the sediment one species appears when another vanishes, and hence, paired measurements and studies on the isotopic offsets between species are scarce. Cibicides wuellerstorfi (C. wuellerstorfi), also classified as Cibicidoides wuellerstorfi, Planulina wuellerstorfi, Anomalina wuellerstorfi, Trancatulina wuellerstorfi, and Fontbotia wuellerstorfi, is mostly reported as a one-to-one δ 13 C DIC recorder [Belanger et al., 1981; Zahn et al., 1986] . Cibicides kullenbergi (C. kullenbergi or mundulus) may yield lower δ 13 C values than those of C. wuellerstorfi [Gottschalk et al., 2016; Hodell et al., 2001; Martínez-Méndez et al., 2013] , perhaps due to an occasional infaunal habitat of C. kullenbergi. Also for Cibicides pachyderma (C. pachyderma), δ 13 C values lower than those of bottom water or of C. wuellerstorfi or Planulina ariminensis (P. ariminensis) have been reported suggesting that it may also live infaunally [Fontanier et al., 2006; LynchStieglitz et al., 2014; Mackensen and Licari, 2004; Schmiedl et al., 2004] . The δ 13 C signature of P. ariminensis, which lives attached to elevated surfaces [Lutze and Thiel, 1989] , has been reported as equivalent to that of C. wuellerstorfi [Zahn et al., 1987] . Mackensen and Licari [2004] and Murray [2006] indicate lower δ 13 C values for the genetically closely related species Cibicides lobatulus (C. lobatulus) [Schweizer et al., 2009 ] than for C. wuellerstorfi, while Weinelt et al. [2001] report equivalent values for these two species. As a result, C. wuellerstorfi is the preferred species for paleoceanographic studies, but since it is not always present in the sediment, a vast number of data are often combined and reported as C. spp, perhaps given the difficulty of an unambiguous identification and/or low abundances of available (known) species. In any compilation of δ 13 C Cib , interspecies differences are likely to contribute variability to the results. Here we attempt to update the general use of δ 13 C Cib as a paleoceanographic tracer, with an initial effort directed toward analysis of interspecies differences.
For their calibration D84 used δ 13 C DIC measurements from the Geochemical Ocean Sections Study (GEOSECS) cruise data sets collected during the 1970s [Kroopnick, 1985] , which were much sparser and may have been less precise than measurements from more recent expeditions [Schmittner et al., 2013] . D84 assembled 64 δ 13 C Cib data, but they did not report the criteria used to match the water column to the sediment data nor did they account for the effects of anthropogenic carbon. Moreover, the number of both sediment [Peterson et al., 2014] and water column [Schmittner et al., 2013] data has increased dramatically during the last 30 years, prompting a recalibration of the proxy, which is the primary focus of this paper. We attempt to improve the calibration compared to D84 not only by including more data but also by explicitly stating the selection criteria used to match the water column to the sediment data, by examining the sensitivity of the results to those choices, and by considering the effects of anthropogenic carbon.
Other important goals are the quantification of deviations in the δ 13 C DIC -δ 13 C Cib relationship, and the evaluation of any contribution to these deviations from secondary effects of carbonate ion concentration [CO 3 2À ], temperature, and pressure. Laboratory culture studies of planktic foraminifera show that shell calcite δ 13 C values decrease by 0.006 to 0.015‰/(μmol kg
À1
) increase of the sea water [CO 3 2À ] concentration at constant δ 13 C DIC [Spero et al., 1997] . Although such studies have not yet been conducted on benthic foraminifera because they are difficult to grow in the laboratory [Wollenburg et al., 2015] , observations of modern individual foraminifera suggest that benthics are also affected [Ishimura et al., 2012] , which could significantly impact reconstructions of past δ 13 C DIC . Recent theoretical work using diffusion-reaction modeling of carbon isotopes in single foraminifera not only confirms the postulated carbonate ion effect but also indicates significant temperature and pressure effects on isotopic fractionation between surrounding bottom waters and benthic foraminiferal shells [Hesse et al., 2014] .
In addition, Mackensen et al. [2001 Mackensen et al. [ , 1993 suggest that δ
13
C Cib may underestimate bottom water δ
C DIC if the foraminifera live on sediments that receive pulses of phytodetritus, the decomposition of which would lower the calcifying microenvironment δ 13 C DIC with respect to that of the overlaying bottom water. This is of particular concern in the Southern Ocean, where large spatial gradients in glacial δ 13 C Cib have been observed [Hodell et al., 2003; Lund et al., 2015; Waelbroeck et al., 2011] .
We present the initial core top calibration of OC3, an international working group of the Past Global Changes (PAGES) program, which has the broader goal of compiling benthic carbon isotope data and estimating their uncertainties in order to reconstruct past changes in ocean circulation and carbon cycling (http://www.pastglobalchanges.org/index.php/ini/wg/oc3/intro). We expect that the database and calibration will be updated in the future. Sediment and water column data are available at the National Oceanographic and Atmospheric Administration's National Centers for Environmental Information (Paleoclimate; https://www.ncdc.noaa.gov/ paleo-search/study/21750).
Methods
The locations of our updated compilations of water column and surface sediment data are shown in Figure 1 .
Water Column Data
Our new compilation is based on 18,587 measurements including WOCE and CLIVAR (Climate and Ocean: Variability, Predictability and Change) cruises from years 1990 to 2005 [Schmittner et al., 2013; S13 thereafter] . One duplicate cruise (58AA20010527_ATL) was removed from the original S13 data set (see America and Africa are scale distances Δd of 1000 km, which we use as a selection criterion to compare the two data sets. The sediment data set includes a total of 1763 data points from the epibenthic foraminifera genus Cibicides, derived from merging 17 data sets (see Table 1 and text for details).
data from the earlier GEOSECS campaign (extracted from Ocean Data View on 21 September 2007) [Kroopnick, 1985] , 639 observations from two recent GEOTRACES cruises, GI04 (205 data from the Indian Ocean from year 2009) and GA03 (434 measurements from the North Atlantic from years 2010-2011) [Quay and Wu, 2015] , 3339 data from the Atlantic and Indian Ocean sectors of the Southern Ocean from 1989 to 2003 [Mackensen, 2012; M12 thereafter] , 274 data from Arctic bottom waters from years 1990 to 2008 [Mackensen, 2013; M13 thereafter] , and 68 data from the southeastern margin of the Pacific [Martínez-Méndez et al., 2013] . The following 110 new (unpublished) measurements by Gema Martínez-Méndez were added as well: 60 data from the tropical West Pacific (Papua New Guinea: 14, Mindanao: 46), 9 data from the southeast Pacific, 24 data from the subtropical northeast Atlantic, and 17 from the subtropical South Atlantic. From the original M12 and M13 data sets 133 and 2 data were removed, respectively, because they included negative outliers, which were determined subjectively by inspecting individual and multiple neighboring vertical profiles. Such outliers, which have been reported since the early measurements of Kroopnick [1985] , may be caused by contamination of the water samples. From the original M13 data set we have also removed five data from the ODEN cruise and four data from the GEOSECS cruises because they are already included. In total the updated data set consists of 26,750 individual observations, with broad spatial coverage, although large gaps remain in some regions such as the eastern equatorial Atlantic, the South China Sea, and adjacent parts of the western tropical Pacific, and the Indian and western Pacific sectors of the Southern Ocean (Figure 1 ). The S13 data set also includes dissolved inorganic carbon (DIC) and alkalinity (ALK) observations, from which carbonate ion concentrations Criteria of Δd = 1000 km, Δz = z/5 were used to map water column observations and model results. [Locarnini et al., 2006] .
Note that although not very well documented, δ 13 C DIC likely varies on seasonal to multicentennial and longer timescales. Therefore, the water column δ 13 C DIC data represent mostly snapshots in time of a temporally and spatially varying field. Generally, we can expect the temporal variations to be larger near the surface than in the deep ocean. Temporal variability of δ 13 C DIC will therefore be a possible reason for offsets with the sediment data.
Surface Sediment Data
For our new compilation of foraminiferal measurements two types of data are included (Table 1 and Figure 1 ).
1. Sediment core top measurements of fossil foraminifera shells represent a long-term average covering the Late Holocene (LH; approximately the last 6000 years). The 1083 data from 15 data sets have been assembled. Efforts to remove duplicates with already existing data were undertaken by manually sorting with respect to depth and subsequent visual inspection of nearby entries with identical or similar latitude, longitude, and core name. Duplicates are excluded in the counts in Table 1 . Many data sets do not provide species information for individual data. For instance, P14 included records which the original authors described as "Cibs equivalent," or "in equilibrium with δ 13 C DIC ," but records listed as "mixed benthics" were not included. Species information is currently available for a subset of 642 data, of which 550 are C. wuellerstorfi, 37 are C. kullenbergi, 12 are C. lobatulus, 34 are C. pachyderma, and 9 are C. floridanus. a The left row indicates the abbreviated name used throughout the paper. N denotes the number of data. Time constraints include "upper Holocene" (uH), which was determined from δ 18 O and the upper 10 cm of sediment (C10), which was also checked for δ 18 O. Species information is available for some data sets. However, for those indicated as C. spp* species information is not available for individual data but the general information is available in the text. Cibs. Refers to various Cibicides species with detailed information available in the data spreadsheet. Species abbreviations are C. wuellerstorfi (C. wue), C. kullenbergi (C. kul), C. pachyderma (C. pac), C. lobatulus (C. lob), P. ariminensis (P. ari), C. floridanus (C. flo). M13) . Each data point represents typically three shells, which is similar to downcore data, although the LH data may represent a larger number of shells since many of them were averaged over the last~6 ka. M12 and M13 data sets are exclusively based on surface sediment samples taken by large box or multiple corer. M12 and M13 used preferentially C. wuellerstorfi, and, where not available, Cibicides refulgens and C. lobatulus. In M12 also C. pachyderma, C. kullenbergi, and P. ariminensis are included.
The total number of data is 1763, approximately 28-fold more data than considered by D84. The sediment data span depths ranging from 64 m to 5691 m and all ocean basins ( Figure 2a ).
Note that the averaging period of the different data sets is different. The measurements on "living" foraminifera represent a short, essentially instantaneous snapshot of the modern ocean. "Living" foraminifera are defined as those stained by rose Bengal, but see, for instance, Bernhard et al. [2006] regarding vitality assessments of foraminifera using rose Bengal. In contrast, the LH core top data represent a heterogeneous assemblage of long-term averages likely covering thousands of years (ka). P14, C6k, and Lyn use the last 6 ka, Bos uses the last 7 ka, and C10 uses the upper 10 cm of the sediment, whereas the averaging period for Mix, Rep, and D84 is simply defined as "upper Holocene" (uH) as determined from oxygen isotope values from the same samples. Oxygen isotopes from the C10 data have been checked to make sure they represent late Holocene conditions. Brazil Margin results (Lun), based on the uppermost sediment in each of the cores, which were radiocarbon dated between 900 to 6400 years BP, were preferred over longer time averages of the same cores included in any of the other data sets. Many of the core top samples analyzed are not precisely dated. Some (in piston cores) may be contaminated by older material brought up by piston effects, or by overpenetration leading to the loss of the sediment water interface in the coring process. Data from multicores that preserve pristine sediment-water interfaces are preferable and should be identified and compared to those from piston cores in future work. A limited, local comparison from the Florida Straits indicates no systematic offsets, but differences of 0.1-0.2‰ between multicore and piston cores. For most sites, however, information on the coring equipment is not yet available in our database. Surface sediment data from box and multicores can also be contaminated by older sedimentary material at sites affected by erosion or winnowing. The only ways to exclude older material is via radiometric dating of the samples or comparison of foraminifera oxygen isotope values with nearby cores.
Mapping Procedure
Water column and sediment data are generally not colocated. In order to map the water column data to the sediment data, we use the horizontal great-circle distance (Δd) and the vertical distance (Δz) from the locations (longitude, latitude, and depth) of the sediment data as a criterion. All water column data within those distances are averaged with equal weighting. Results are presented for two different choices: a more liberal one (Δd = 1000 km, indicated in Figure 1 , Δz = z/5), which will be the default, and a more conservative one (Δd = 500 km, Δz = z/10). The depth dependence for the vertical distance is motivated by the fact that like most other ocean tracer distributions, δ 13 C DIC shows larger vertical gradients in the upper ocean than in the deep [Schmittner et al., 2013] . It leads to layer thicknesses of Δz = 100 m and 1 km at depths of z = 500 m and 5 km, respectively, for the more liberal criterion and 50 m and 500 m, respectively, for the more conservative criterion. Mapped water column carbonate ion concentrations and temperatures are shown in Figure 2 .
Anthropogenic Carbon
The invasion of 13 C-depleted carbon into the upper ocean during the past century [Böhm et al., 2002] from the burning of fossil fuels has decreased δ 13 C DIC in the upper ocean during the past decades, a process known as the Suess Effect [Gruber et al., 1999; Keeling, 1979; Suess, 1955] . Thus, some water column and modern foraminiferal data have reduced δ 13 C values due to anthropogenic δ 13 C DIC (Δδ 13 C ant ). The magnitude of the offset varies depending on location and year the cores were collected. Hence, the Suess effect could bias some comparisons to LH sediment data. Here we use model-based estimates of Δδ 13 C ant from S13's "FeL" (iron limitation) simulation, which were subtracted from the water column data and from the M12 and M13 sediment data to yield estimates of natural (preindustrial) δ 13 C DICnat = δ 13 C DIC À Δδ 13 C ant and δ 13 C Cibnat = δ 13 C Cib À Δδ 13 C ant . Note that we did not subtract Δδ
13
C ant from the LH sediment data since we assume they are unaffected by the Suess effect. The model results were interpolated and extrapolated onto the locations of the observations. We account for the time dependency of the anthropogenic signal by using decadal averages from the 1970s to the 2000s separately, depending on the decade the measurements were taken. This method only yields magnitudes of Δδ 13 C ant that exceed À0.1‰ in the northern North Atlantic, the Nordic Seas, and a few shallow cores elsewhere (Figure 2c ).
Results
In this section the water column data are first compared to the sediment data directly. Then results of multiple regression analyses are presented considering [CO 3 2À ] and pressure effects. In addition to the results shown in the remainder of the main text we have conducted a regional analysis, which is presented in the accompanying supporting information (SI). Note also that water column data are not available at each of the sediment core locations given the spatial matching criteria, which reduces the number of data pairs n that can be used for comparison. For the liberal mapping criterion only 1492 out of the total of 1763 sediment data are mapped with water column data (e.g., Figures 3a versus 3b ). For instance, in the tropical Pacific Tables 2 and 3) .
Spatial Distributions of Sedimentary and Water Column Carbon Isotopes
The raw core top δ 13 C Cib data vary from values of more than 1.9‰ in the Arctic and a few shallow cores from elsewhere to less than À0.7‰ in the Atlantic sector of the Southern Ocean (Figure 3a) . Atlantic values are mostly greater than 0.5‰, whereas in the Indian and Pacific Ocean they are mostly below 0.5‰, except for some of the shallower sites. The water column δ 13 C DIC values mapped onto the sediment data display similar interbasin differences, but the variations are much smoother (Figure 3b) . Maximum values do not Our estimates of δ 13 C Cibnat (Figure 3c ) are similar to the δ 13 C Cib data except in the Arctic and subarctic North Atlantic and at a few shallow cores elsewhere, where the model predicts a substantial Suess effect (Figure 2c) . Consequently, the water column δ 13 C DICnat estimates (Figure 3d ) are higher than the δ 13 C DIC data in those regions. However, δ 13 C DIC data are affected by anthropogenic carbon in the deep midlatitude North
Atlantic as far south as the subtropics, where most δ
13
C DICnat values are above 1‰. In contrast, not much difference is seen between δ 13 C Cibnat and δ 13 C Cib there as a consequence of our assumption that the LH data do not need to be corrected for anthropogenic effects. These results are consistent with observational estimates of intense uptake of anthropogenic carbon by deep water formation in the North Atlantic [Khatiwala et al., 2009; Olsen and Ninnemann, 2010] . Consistent with previous results [Schmittner et al., 2013] , the standard deviations of the preindustrial σ(δ 13 C Cibnat ) = 0.53‰ and σ(δ 13 C DICnat ) = 0.47‰ are higher than those of the contemporary data, and, again, the sediment data have a larger standard deviation than the water column data, which indicates that δ 13 C Cib is influenced by additional processes than δ 13 C DIC .
The δ 13 C DICnat estimates in the deep ocean (~1500 to 3500 m) decrease along the flow path of deep water from the North Atlantic south into the Southern Ocean and northward from the Southern Ocean into the Indian and Pacific oceans (Figures 4c and 4d) . Along its path, water accumulates 13 C-depleted carbon from the sinking and remineralization of organic matter which is the most important effect explaining the gradual decrease in deep water δ 13 C DICnat from the Atlantic to the Pacific [Kroopnick, 1985; Schmittner et al., 2013] . In Table 3 . Standard Deviations (σ) and Biases (Àε) for Individual Data Sets and Species, and Four Experiments (LA1, CA1, LA5, and CA5) as Listed in Table 2 a LA1 CA1 LA5 CA5 Table 2 , which used a slightly smaller data set for which also [CO 3 2À ] data were available. Highlighted in bold are some features discussed in the text such as larger errors of M12 and C10 and reduction of the positive biases for the Pacific (Her and Mix) and Arctic (M13) data for LA1 and CA1 models compared with LA5 and CA5, respectively. Species are C. wuellerstorfi (Wue), C. kullenbergi (Kul), C. lobatulus (Lob), and C. pac (Pac). have been attributed to the imprint of thermodynamic fractionation during air-sea gas exchange [Charles and Fairbanks, 1990; Mackensen, 2012] .
Differences between contemporary sediment and water column data (Δ = δ 13 C Cib À δ 13 C DIC ) range mostly within ±0.7‰, although larger differences occur at some individual locations particularly at high latitudes (Figures 5a and 6a and 6b) . The arithmetic mean of δ 13 C Cib ; δ 13 C Cib ¼ 0:76‰ is about 0.12‰ higher than the water column value δ 13 C DIC ¼ 0:64‰ . Removing the effect of anthropogenic carbon impacts the differences mainly in the North Atlantic, where it leads to higher δ 13 C DICnat compared to δ 13 C DIC . This shifts most sediment data there from being higher to being lower than the water column data (Figure 5b ). The mean values increase to δ 13 C Cibnat ¼ 0:82‰ and δ 13 C DICnat ¼ 0:76‰, but a substantial and statistically highly significant difference (0.07‰, p < 0.0001 using a two-sided t test) remains.
The standard deviation of the difference σ Δnat can be interpreted as an error estimate of carbon isotope reconstructions assuming a one-to-one relationship between δ 13 C Cibnat and δ 13 C DICnat . Using the data from Figure 5c yields σ Δnat = 0.33‰, which is more than twice as large as that reported by D84. However, as we will show below, our estimate is inflated by inclusion of data from living foraminifera (M12) from the Southern Ocean, which are noisier than most other sediment data.
Water column measurements have their own errors. We estimate the δ also Table S1 and Figure S2 in the SI). In the Atlantic sector of the Southern Ocean negative values coincide with the belt of low δ 13 C DIC running east-northeast from Drake Passage (Figures 5c and 6c) , consistent with previous observations and perhaps related to the phytodetritus effect [Mackensen, 2012; Mackensen et al., 2001 Mackensen et al., , 1993 .
Regression Analyses
In the following we will consider the general, multivariant linear regression model
where a is the intercept, b, c, and d are the slopes with respect to δ 13 C DIC , [CO 3 2À ] (μM), and depth z (m), and ε is the residual or error. Water depth is included in the regression in order to account for pressure effects. Initially, we had also included temperature on the right-hand side in equation (1), but the results were in Figure 5 . Differences between sediment core top and water column for the (a) raw and (c) anthropogenically corrected data, (b) the standard deviation (square root of the variance) of the water column data mapped onto the locations of the sediment data, and (d) errors of regression LA1 (Table 2) . Liberal selection criteria (Δd = 1000 km, Δz = z/5) were used in all panels.
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SCHMITTNER ET AL. BENTHIC δmany cases not statistically significant and resulted in inconsistent signs for the slopes depending on the data sets used (e.g., LH versus All). For these reasons we conclude that we do not find a consistent and statistically significant temperature effect on δ 13 C Cib and in the following we do not present results including temperature. Our default case used in most of our regression analyses will set b = 1 consistent with theory [Hesse et al., 2014] and because we are unaware of a δ 13 C DIC -dependent process that would affect fractionation during calcification or vital effects. On the other hand, we are aware and consider [CO 3 2À ] and pressure (depth)-dependent processes that produce offsets between δ 13 C Cib and δ 13 C DIC by including coefficients c and d. In order to accommodate situations in which carbonate ion reconstructions are not available we will also consider cases with b ≠ 1. Since σ Δ > σ DIC , it is a reasonable first step to treat δ 13 C DIC as the independent, error-free variable. We also assume that the errors associated with [CO 3 2À ] and z are small and treat them as independent variables.
The resulting statistical parameters including uncertainties are listed in Table 2 for six sets of sensitivity experiments. The six sets differ according to data they include. The first three sets (LA1-LW6) use the liberal selection criterion (L), whereas the remaining three sets (CA1-CW6) use the conservative criterion (C). The first and fourth sets (LA1-LA7 and CA1-CA7) use All data (A), whereas the second and fifth (LL1-LL7 and CL1-CL7) use LH data only (L), and the third and sixth set (LW1, LW5, and LW6 and CW1, CW5, and CW6) use C. wuellerstorfi data only (W). Within a given set, up to seven experiments differ only in model assumptions. The first experiment in each set is the default marked in bold in Table 2 . It includes carbonate ion and depth in the regression and assumes b = 1. Sensitivity experiments 2 and 7 evaluate the effects of not correcting for anthropogenic carbon. Sensitivity experiments 3 and 4 isolate the individual effects of [CO 3 2À ] and z, respectively, by only including one variable in the regression (c = 0 or d = 0). Experiment 5 represents the one-to-one relationship (a = c = d = 0, b = 1). Experiments 6 and 7 allow for b ≠ 1. Statistical significance for all estimated parameters is evaluated at the 0.01 significance level of the t statistic using the summary(lm) function in R.
All default experiments result in significant slopes c for carbonate ion concentrations ranging from À2.2 to À2.9 [10 À3 ‰/(μmol kg À1 )], with a mean of À2.6 ± 0.4 × 10
). Experiment 3 in each set, Figure 6 . Latitude-depth sections across the (a and c) Atlantic and (b and d) Indian and Pacific of errors using an assumed one-to-one relation (Figures 6a and 6b ) and from the multivariant equation (1) with parameters of model LA1 (Table 2 and Figures 6c and 6d) . ] result from using All data than using only LH data. The values are of the same order of magnitude but smaller than those measured on planktic foraminifera, which vary between À6 and À14 [10 À3 ‰/(μmol kg À1 )] for two different species [Spero et al., 1997] , but they are larger than theoretical estimates [Hesse et al., 2014] , which are around À1 [10
À3
‰/(μmol kg
À1
)]. To our knowledge, these results provide the first observational, albeit indirect, evidence to suggest that benthic foraminiferal δ 13 C is also affected by carbonate ion concentrations.
Consistently negative and significant values are estimated for the slope d with respect to depth. For the default experiments using All data (LA1 and CA1) significant values between À0.06 and À0.07‰ km À1 are estimated, whereas slopes are smaller if only LH or C. wuellerstorfi data are used (À0.03 to À0.05‰ km À1 ).
These numbers are larger than the range of À0.02 to À0.03‰/km suggested by Hesse et al. [2014] . Figure 8 suggests that including measurements from shallow depths in the polar data sets (M12 and M13), particularly the M12 data, steepens the slopes. Figure 8 also reveals that the spread of the residuals is larger at shallower depths and decreases with depth, which may reflect increased environmental variability, e.g., of δ 13 C DIC , in the upper ocean. The larger relative range in the estimated slopes suggests that the pressure effect is more uncertain than the carbonate ion effect. Note that we cannot exclude the possibility that other parameters such as organic matter fluxes may covary with depth and influence the results.
Errors in the default experiments are 0.02 to 0.04‰ smaller than those in experiment 5. This demonstrates that including carbonate ion and pressure effects improves the fit, particularly for LH and C. wuellerstorfi data for which the relative error reduction is larger (12-17%) than for All data (6-10%). This conclusion is also supported by additional tests (not shown) in which experiment 5 was repeated for each set but allowing for an intercept in the regression (a ≠ 0), the results of which were very similar. Examining experiments 3 and 4 reveals that including carbonate ion has larger effects than depth on reducing the residual errors for LH data, whereas for All data the effects of including depth are similar to those for [CO 3 2À ].
Allowing for b ≠ 1 in experiment 6 results in estimated values for b between 0.74 and 0.89. Not including carbonate ion in these models causes the slope b to be lower than one because carbonate ion and δ 13 C DIC distributions in the ocean are highly correlated (e.g., compare Figure 2b with Figure 3d ) as measured in planktic foraminifera [Spero et al., 1997] in a repeat of experiment LL7 results in b = 1.4 and slightly increases the residuals to 0.28‰. Assuming c = À0.01‰/(μmol kg À1 ) and b = 1 in a repeat of experiment LL1 increases the residuals substantially to 0.34‰. These results also suggest that the carbonate ion effect among Cibicides growing in their natural habitat is smaller (c > À0.003‰/ (μmol kg À1 )) than that found by Spero et al. [1997] in laboratory cultures of planktic foraminifera.
Anthropogenic effects considerably affect the estimated parameters. Comparing experiment 2 with the default experiments indicates that if anthropogenic effects are not removed, the slopes of the carbonate ion effect are underestimated (too shallow), whereas the slopes for depth are overestimated (too steep).
Comparison of experiments 6 and 7 demonstrates that not accounting for the Suess effect leads to lower correlation coefficients, can increase residuals, and overestimates slopes b for δ 13 C DIC because δ 13 C DIC values in the high range (North Atlantic) are decreased (pulled toward the left in Figure 7 ).
Estimated regression parameters are very similar regardless of whether the liberal or conservative selection criterion is used, and in many cases they are indistinguishable. The correlation coefficients are slightly larger for the conservative criterion, and the slopes for carbonate ion are slightly steeper. These similarities suggest that the results are robust with respect to the selection criterion.
Differences between All and LH or C. wuellerstorfi only data are more substantial. For experiments 6 and 7 using only LH or C. wuellerstorfi data leads to shallower slopes b compared with All. This is due to the removal of the Arctic measurements, which plot systematically higher than the LH data in Figure 7 (bright green dots). This is consistent with the finding by Mackensen [2013] that the Arctic foraminiferal data are about 0.2‰ higher than δ 13 C DIC . Note that this bias in the one-to-one relation is strongly reduced in the multi-variate regressions (e.g., LA1 versus LA5 in Table 3 ) suggesting that carbonate ion and/or depth effects are responsible for creating it.
More generally, the LH and C. wuellerstorfi data show consistently smaller residuals (σ = 0.21 to 0.25‰) than All data (σ = 0.29‰). As shown in Figure 9 and Table 3 , this is mainly due to the inclusion of the M12 Antarctic data, which have errors (0.35-0.42‰) that are consistently larger than those of the other data sets, which are typically between 0.2 and 0.3‰. The contemporary Arctic Cibicides data (M13) have residuals more consistent with the LH data than with M12. This does not support the idea that the larger spread in the M12 data is due to the smaller number of individual shells measured compared with the LH data. Negative deviations in the Southern Ocean could be explained by the phytodetritus effect [Mackensen, 2012; Mackensen et al., 2001 Mackensen et al., , 1993 or occasional infaunal habitat of some species such as C. kullenbergi [Gottschalk et al., 2016] , which are included in M12. However, the question arises what causes the positive deviations there. Figures 8 and S2 indicate that positive deviations in M12 are mainly from shallow depths, which may be dispropotionally influenced by temporal variability. Thus, the relatively large amount of data from shallow depths could contribute to the larger errors for M12. Our approach of assessing δ 13 C DIC at the sites of the sediment data does not account for temporal (e.g., seasonal) or small-scale spatial heterogeneities that may impact benthic δ 13 C DIC particularly in the South Atlantic [Mackensen, 2012; Mackensen and Bickert, 1999] . Errors for C10 (0.32-0.34‰) are larger than those of the other LH data sets, perhaps due to the less well-constrained ages of those samples.
Including carbonate ion and depth in the regression reduces the residuals for most data subsets (Table 3 and Figure 9 ) and in most regions (see SI Table S1 and Figure S2 ). The improvement is largest for the tropical and extratropical North Pacific, the Indian, the Arctic, and the Antarctic for which positive biases are strongly reduced, and for the North Atlantic, where negative biases are reduced. The one-to-one relationship provides a marginally better fit in the South Pacific and the tropical West Atlantic. The southeast Pacific, South Atlantic, Figure 7 . Water column versus sediment δ 13 C data using (a) liberal (Δd = 1000 km; Δz = z/5) and (b) conservative (Δd = 500 km; Δz = z/10) spatial matching criteria. Different data sets are indicated by dots using the same color scheme as in Figure 1 . The one-to-one line is shown in grey. Olive green lines indicate results of linear regressions using All data (LA6 and CA6), whereas hot pink and gold lines indicate results using only Late Holocene data (LL6 and CL6). Golden lines apply no correction for the Suess effect (LL7 and CL7), which leads to steeper slopes compared to corrected data (LL6, CL6, hot pink). Regression parameters are listed in Table 2 . and different spatial selection criteria (indicated in the bottom right corner. Color scheme as in Figure 1 . Numbers in the upper parts of each panel indicate the standard deviations of all data (All) and the individual data sets (see Table 1 for abbreviations). and Antarctic are the regions with the largest errors for model LA1 (Table S1 ). Not many data are available from the southeast Pacific, hampering the assessment there.
The South Atlantic shows interesting zonal differences. Errors are larger in the southeast Atlantic where foraminifera-based estimates suffer from a substantial negative bias of À0.18‰, whereas in the southwest Atlantic their bias is smaller and positive (+0.07‰). Note that these biases exacerbate the zonal difference from less than 0.2‰ in the water column to more than 0.4‰ in the forminifera-based estimates.
Using the more conservative spatial matching criteria reduces the residuals in some cases (M13 and Opp), which indicates that errors in δ
13
C DIC do affect the results, but the overall effect appears to be relatively small.
Using only data from C. wuellerstorfi (models LW and CW in Table 2 and Wue in Table 3 ) results in similar estimated parameters and errors than LH, which is not surprising given that most LH data are presumably C. wuellerstorfi. However, C. kullenbergi, C. lobatulus, and C. pachyderma result in mostly larger errors and biases (Table 3 and Figure 10 ). This is particularly true for C. lobatulus, which suffers from a large negative bias, consistent with earlier findings [Mackensen and Licari, 2004; Murray, 2006] . However, note that our comparison may be compromised by the small amout of data for species other than C. wuellerstorfi.
Discussion
Having established that both carbonate ion and pressure effects impact benthic carbon isotopes and that considering these effects improves the fit and reduces errors and regional biases, we recommend equation (1) with parameters as in LA1 or some of the other default models to estimate δ 13 C DIC from
] has also been reconstructed (water depth is usually known). Recently developed methods to reconstruct [CO 3 2À ] concentrations such as those based on B/Ca ratios [Yu and Elderfield, 2007] Implications of pH and temperature effects on glacial-interglacial δ 13 C DIC reconstructions have been discussed previously in Hesse et al. [2014] who found a strong temperature effect that suggests that 0.11‰ of the observed total whole ocean~0.35‰ δ 13 C Cib drop from the interglacial to the glacial ocean could be explained by a cooling of bottom waters by 2.5°C. Our analysis did not result in a consistent significant temperature effect, thus questioning their conclusion.
Our results have implications for glacial-interglacial δ 13 C reconstructions. Carbonate ion concentrations were similar in the Pacific and Indian oceans but about 20 μmol kg À1 lower in the deep Atlantic and 20 to 30 μmol kg À1 higher in the upper Atlantic during the LGM compared to the preindustrial ocean [Allen et al., 2015; Gottschalk et al., 2015; Yu et al., 2008 Yu et al., , 2013 Yu et al., , 2014 . Using equation (1) with c = À2.6 × 10 À3 ‰/ (μmol kg À1 ), this would produce a 0.05‰ reduction in δ 13 C DIC in the deep Atlantic and an increase of 0.05-0.08‰ in the upper Atlantic, thereby slightly enhancing the observed interglacial-to-glacial increase in the vertical gradient of~1.0‰ in δ 13 C Cib [Yu et al., 2008, Figure 4 ].
Our finding that biases in the South Atlantic exacerbate the zonal gradient in δ 13 C DIC there may also explain the large zonal gradients found in glacial reconstructions there [Hodell et al., 2003; Hoffman and Lund, 2012; Waelbroeck et al., 2011] and questions their reliability, particularly those from the southeast Atlantic where δ 13 C Cib exhibits large negative biases compared with δ
13
C DIC regardless of whether carbonate ion and pressure effects are considered or not (Table S1 ). The ultimate reasons for these biases as well as the large errors in the Antarctic remain open questions.
Remaining errors may be influenced by accumulation rates. In low accumulation rate cores, bioturbation may cause contamination of surface sediments with older glacial or deglacial material. Currently, accumulation rate information is not available in our data set, but it would be desirable to include it in the future in order to evaluate this issue. Future updates of the database with more consistent species, core top dating, and coring equipment information and analyzing if and how residuals are affected will be another useful effort.
Summary and Conclusions
Our synthesis of late Holocene core top δ 13 C Cib data includes more than an order of magnitude more measurements than that used in the previous global calibration of D84. This, together with the vastly enhanced database of water column δ 13 C DIC measurements, has prompted a new global calibration of δ 13 C Cib . The results confirm the strong correlation between δ 13 C Cib and δ 13 C DIC found by D84. However, we show that results of regression analyses are impacted by the invasion of 13 C-depleted, anthropogenic carbon and indicate statistically significant secondary effects from carbonate ion and pressure. Including these secondary effects improves the estimation of δ 13 C DIC by reducing systematic regional biases, errors and by increasing correlation. We therefore recommend using equation (1) with parameters LA1 (Table 2) rather than a simple one-to-one relationship between δ 13 C DIC ≈ δ 13 C Cib . The regression coefficients with respect to carbonate ion and pressure are qualitatively consistent with previous theoretical [Hesse et al., 2014] and experimental [Spero et al., 1997] studies, but quantitatively, the carbonate ion effects are smaller than those of Spero et al. [1997] and larger than those of Hesse et al. [2014] , respectively. Hence, these secondary effects are relatively small and would in practical applications modify reconstructed δ 13 C DIC changes by typically less than about 15% compared to the often used one-to-one relationship. For most individual downcore records, z is practically invariant and carbonate ion varies relatively little, so that they will have limited impact on reconstructions of temporal variability. Thus, most conclusions of previous studies assuming a one-to-one relationship remain likely robust.
We find errors are typically 0.2-0.3‰, although they are larger in the southeast Atlantic and Antarctic (~0.4‰) and larger in the upper ocean than at depths. We find lower errors for C. wuellerstorfi and higher errors and negative biases for C. lobatulus compared with C. kullenbergi and C. pachyderma, consistent with Mackensen and Licari [2004] and Murray [2006] who also indicate lower δ
13
C values for C. lobatulus. These errors are larger than the 0.15‰ reported by D84. Future efforts could be directed toward understanding the sources for the remaining errors, such as a more comprehensive analysis of species offsets, information on size and number of shells measured, coring equipment used, sediment type and accumulation rates, age constraints, and temporal variability of δ 13 C DIC and δ 13 C Cib , so as to be able to improve the use of δ 13 C Paleoceanography 10.1002/2016PA003072
SCHMITTNER ET AL. BENTHIC δas a paleoceanographic proxy. This will require updating and extending the database to include relevant but currently missing information.
